Intracranial pressure was recorded in 21 patients with subarachnoid hemorrhage due to rupture of a saccular aneurysm. Two different pressure patterns were found in nine patients who had verified recurrent hemorrhages while awaiting clinical improvement. One was associated with massive hematoma while the other occurred with edema but only minimal hematoma; the terms "hemorrhagiccompressive lesion" and "ischemic-edematous lesion" have been used for these two conditions. Four patients showed transient deterioration concomitant with marked pressure peaks in the continuous record. Although there was no evidence of fresh hemorrhage, three of these episodes were followed by a verified hemorrhage within 24 hours. Since no such "warning episode" was seen after the aneurysm had been clipped, the authors consider this pressure peak and concomitant clinical deterioration to be related to the mechanism of aneurysm rupture and possibly a forerunner of a life-threatening hemorrhage. These three pressure patterns showed the whole range from full spatial comper.sation to total decompensation. The determining factors are considered to be the volume of extravasated blood, the vasomoter reaction, and the intracranial spatial buffering capacity.
I
n the study of subarachnoid hemorrhage, attention has been particularly drawn to the etiology of saccular aneurysm and the cause of rupture, 5'14 the pathogenesis of brain damage, -~,6,r,1-~,13,31,~-~ various criteria for operability such as the clinical conditionr ,l~ the circulatory situation as judged by angiograms, ~,2,'2 or the circulation of radioactive isotopes. 3 Klafta and Hamby 17 have used repeated measurements of lumbar cerebrospinal fluid (CSF) pressure in determining the optimal time for repair of intracranial aneurysms. In Grade III patients they observed a reduction in operative mortality from 41% to 17% associated with delay of surgery until the CSF pressure had fallen to nearly 200 mm H._,O. Another important observation was that this drop in pressure and reduction in operative mortality was found even when the patient seemed unchanged clinically.
In this study we have made continuous long-time records of intracranial pressure in patients admitted with ruptured saccular aneurysms in order to determine the appropriate time for surgical treatment.
Material and Method
Intracranial pressure (ICP) was continuously registered for between 2 to 29 days in a series of 21 selected patients admitted during a 3-year period with subarachnoid hemorrhage (SAH) due to a saccular aneurysm (Table 1 ) . Some of the patients were in extremely poor condition, which explains the delay in surgery and accounts for the high incidence of recurrent hemorrhage.
The epidural method -~-"-s of continuous ICP recording was used. A miniature capsule transducer was implanted between the dura and the skull through a burr hole in the parietal region. The transducer was made part of a Wheatstone bridge, and a potentiometer recorder (Leeds and Northrup, Ltd., Birmingham, England) was used for the registration. In one patient, the epidural pressure (EDP) and ventricular fluid pressure (VFP) ~ were recorded simultaneously on a Honeywell Electronik recorder.
Clinically, the patients have been graded as described by Hunt and Hess 1~ (a modified Botterell 4 classification).
Results
Satisfactory recordings were obtained in all patients throughout the period of implantation (Table 1 ). There were no complications attributed to the implantation of the transducer.
Pressure Patterns
Subarachnoid Hemorrhage Type 1. While awaiting clinical improvement, nine patients suffered from one or more recurrent hemorrhages verified by lumbar puncture. The change in clinical state due to recurrent hemorrhage corresponded exactly with a steep rise in the recorded EDP. The subsequent course fell into two distinct pressure patterns (Fig s. 1 and 2 ). One type of tracing ( Fig. 1  upper tracing) showed a steep rise in the EDP to about 1100 mm HzO and a subsequent-fall to a considerably lower level within minutes, giving the impression of a pressure peak. The continuous tracing showed slowly increasing pressure in the course of the next hours. The patient died 2 days later, and autopsy revealed a marked cerebral edema with only traces of extravasated blood around the aneurysm. This pressure pattern was seen in seven different patients; the pressure peaks reached levels between 900 and 2200 mm H20 and lasted from 8 to 26 minutes. We will hereafter, as a working term, refer to this group as "subarachnoid hemorrhage type 1."
Subarachnoid Hemorrhage Type 2. The second type of tracing ( Fig. 1 lower tracing) occurred with deterioration of the patient from clinical Grade III to Grade V and a concomitant sudden elevation in EDP to about 2000 mm H20. The pressure remained stable at this level, unresponsive to hyperventilation or dehydrating agents. The patient died 9 hours after this recurrent hemorrhage; the only fall in EDP was during the terminal drop in blood pressure (BP). Autopsy showed cerebral edema and a massive hematoma completely filling the ventricular system. This pressure pattern was found in five patients, the pressure levels ranging from 1850 to 2200 mm H20. The term "subarachnoid hemorrhage type 2" has been used for this picture.
Warning Episode. In two patients (Cases 2 and 7) four episodes of transient clinical deterioration were observed concomitant with a pressure peak in the EDP records. In contrast to the secondary increase in EDP seen after the pressure peaks in SAH type 1, the pressure returned to the previous level and remained there. There were no signs of seizures or muscular spasms, nor of respiratory disturbances except for possible mild hyperventilation. Spinal fluid examinations showed no definite signs of fresh hemorrhage. Three of these episodes were followed by a verified rebleeding within the next 24 hours; hence, they are referred to as "warning episodes." Pressure records from these two patients are shown in Fig. 3 upper tracing and Fig. 4 .
As a consequence of this experience two other patients (Cases 17 and 19) were operated on as an emergency after such warning episodes. In both patients the CSF from the basal cisterns was clear at operation and there were no signs of fresh hemorrhage. Records from Case 17 are shown in Fig. 5 . In Case 19 two warning episodes were followed by a sequence of four recurrent pressure peaks with increasing clinical deterioration (Fig. 6) .
The pressure peaks in the warning episodes reached levels between 1000 and 2150 mm H20 and lasted from 5 to 20 minutes. They were seen in the period between the 3rd and 19th day after SAH. However, most of the recordings did not start until several days after the last hemorrhage (Table 1 ) .
Patients whose records showed evidence of recurrent hemorrhage or warning episodes are listed in Table 2 , and data concerning peak pressure and duration are summarized in Table 3 .
An indwelling catheter to the lateral ventricle of Case 21 allowed continuous simultaneous registration of EDP and VFP. Figure  7 shows the record from this patient during the second hemorrhage. Ventricular fluid drainage to zero VFP performed during the first and second pressure peaks had only lim- clinical grading of these patients are listed in Table 4 . None of the pressure peaks described occurred after the aneurysm had been clipped. An example of continuous EDP recording is in Case 10 ( Fig. 8) . The probe was implanted 5 hours after the initial hemorrhage. At that time the patient was restless, drowsy, and confused. Lumbar puncture revealed hemorrhagic CSF. The condition improved markedly on the second day after the hemorrhage, and operation was scheduled for the following day. However, a few hours before the planned operation there was a recurrent hemorrhage verified by lum- bar puncture. Concomitant with the pressure rise the patient became restless and disoriented complaining of severe headache. The headache disappeared together with the rapid fall in EDP while his restlessness and disorientation remained unchanged. Corresponding to the secondary slow rise in intracranial pressure, the patient developed neck stiffness and headache. The operation was postponed until the EDP was normal on the 8th day after the recurrent hemorrhage. Only traces of extravasated blood were found at operation.
In contrast to this rapid return of EDP to normal following the initial hemorrhage in Case 10, 2 weeks were required for the same process in Case 18 (Fig. 9 ).
Discussion
The zero-point drift of the recording system was within acceptable limits, and the epidural method should be considered safe and reliable for continuous monitoring of the intracranial pressure.
In accordance with Klafta and Hamby, 17 our intention was to await a fall in EDP to about 200 to 400 mm H20 before clipping the aneurysm. This approach has resulted in satisfactory operative conditions with only a slight, transient EDP increase on about the 3rd and 4th postoperative days in some patients. Table 4 shows that in some patients the postoperative pressure is even lower than preoperatively, probably attributable to the removal of large amounts of CSF from the basal cisterns opened at operation and the following lower resistance to CSF flow. ~3 Subarachnoid hemorrhage type 2 was always found associated with massive hematoma. It is therefore reasonable to believe that the pressure pattern in these patients is caused by the rapid effusion of relatively large amounts of blood. The uniform appearance of these pressure tracings with a high "steady state" pressure for hours and days discloses the inadequacy of cerebral pressure buffering mechanisms. The SAH type 2 represents a stage of spatial decom-Intracranial pressure after aneurysm pensation which in four of our five patients was irreversible and fatal. The only compensatory mechanism seen in these cases was an initial increase in blood pressure, supposedly a vasopressor response. Freytag ~ in a series of 250 cases of sudden death from ruptured intracranial aneurysm found massive hematoma in 96%. Our findings and those of others-m1 suggest the appropriateness of the term "hemorrhagic-compressive lesion."
What we have designated as subarachnoid hemorrhage type 1 was associated with little or no hematoma. The abrupt start of the pressure peak indicates a vascular mechanism. However, considering pressure-tovolume relationships, we were surprised at the disproportionate rise in ICP compared with the apparent volume of blood extravasated. We therefore wonder if an increase in intravascular cerebral blood volume (CBV) is a contributary factor. This postulated factor of vasodilation is best illustrated by the supratentorial pressure peak seen in Case 21 who had a small hemorrhage from a vertebrobasilar aneurysm. We have previously reported supratentorial pressure rise attributed to vasodilation during posterior fossa surgery. ~"
The subsequent drop in EDP reflects intracranial spatial compensatory mechanisms. These may either be an increased CSF outflow, s,9,-~ since this is the principal spatial buffer, TM or simply a displacement of CSF and extravasated blood along the craniospirupture nal axis. Another possible factor would be a reduction in cerebral blood volume? ~ Edema formation was found to be the main cause of the secondary rise in EDP in these patients. This is in accordance with other clinical ' -' and experimental 29'333~ studies. The most probable explanation for this edema formation is a tissue hypoxia due to improved cerebral circulation, either as a consequence of the pressure peak per se or arterial spasm secondary to SAH. The immediate local effect of arterial spasm is a contribution to the arrest of aneurysm leakage. 1~ This is the most likely reason why these patients do not develop a hemorrhagiccompressive state. This defense mechanism is, however, set up at the expense of regional cerebral perfusion, and we believe the term "isehemic-edematous lesion" is descriptive of these mechanisms.
The progressive increase in mortality with each recurrent hemorrhage 2~ is well known. One contributary factor is that each hemorrhage, through the formation of hematoma, edema, or even hydrocephalus, brings the patient nearer the state of intracranial spatial decompensation? 9 Another factor would be an increasing frequency of SAH type 2 for unknown reasons.
Gillingham ~2 has used the term "minor" or "warning" episode for those which he considers may herald a life-threatening hemorrhage. The significance of the "warning episodes" observed in our cases is uncertain. However, three of the warning episodes were followed by a verified hemorrhage within 24 hours, and all seven episodes occurred in unoperated patients. In the records from 60 patients with other neurosurgical diseases, there were no such pressure peaks. The warning episodes are therefore probably related to the mechanism of aneurysm rupture. The pressure peaks seen in warning episodes are indistinguishable from those seen in SAH type 1 but are not followed by a secondary pressure increase. The fact that signs of fresh hemorrhage have never been found in these episodes points to a vasomotor mechanism causing an instant increase in CBV reflected in the pressure peak. The findings in Fig. 6 are most suggestive of an instability in cerebral vasomotor tone. Furthermore, the question arises whether this could be a forerunner of irreversible vasomotor paralysis as well as recurrent hemorrhage. "Plateau waves ''2~ differ from the pressure peaks seen in warning episodes and SAH type 1. The plateau waves are usually associated with an initial limited increase in the ICP, triggering a vasodilation, 3~ while the pressure peaks start abruptly. It is remarkable that in this series of patients with SAH we never observed a genuine plateau wave, although we have recorded the EDP for a total of 229 days.
Most of the verified repeat hemorrhages started from relatively low pressure levels.
Thus, there must be a considerable pressure gradient across the aneurysm wall at the time of rupture. During hemorrhage, the intracranial pressure usually reached a level between the diastolic and systolic BP, and in SAH type 2 approached the state of "brain tamponade." In spite of the short duration of the pressure peaks, this elevation of surrounding pressure must be a valuable contribution to the ultimate spontaneous arrest of hemorrhage from a ruptured aneurysm. In conclusion we consider the difference between the three pressure patterns to be determined by the volume of extravasated blood, the vasomotor reaction, and the intracranial spatial buffering capacity.
